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The objective of this work is to develop a milling model for a continuous self-classifying spiral air jet mill. Its founda-
tion is a population balance model with selection and breakage distribution functions that have been related to a mini-
mal number of mill-dependent and powder-dependent parameters. Initially, experimentation is required to determine the
mill-dependent parameters for a specific mill, by milling a “base” powder at multiple operating conditions. Powder-
dependent parameters can be determined from either mill experiments or from material characterization measurements
that require small amounts of powder (presented in Part 2). Ultimately, the milling model presented successfully pre-
dicts the product particle size using as inputs the feed particle-size distribution and mill operating conditions. Three
crystalline powders, sodium bicarbonate, lactose monohydrate, and sucrose, have been used to test the proposed milling
model. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 4086–4095, 2014
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Introduction

In the pharmaceutical industry, size reduction techniques
are used to improve powder processing and increase the bio-
availability of an active pharmaceutical ingredient (API) to
obtain the desired therapeutic effect or to aid in drug product
formulation. One common size reduction technique used by
the industry is air jet milling. Air jet mills are broadly used
in the pharmaceutical industry because of their ability to cre-
ate narrow product size distributions relying on particle–par-
ticle impacts to break particles and a simple sanitary design
containing no moving parts. As particles are accelerated by
gas jets to break upon each other, this mill exhibits minimal
contamination compared to other mills which require foreign
media or high-speed mechanical parts.

However, there are several challenges in milling. Each
powder breaks differently and many pharmaceutical materi-
als, such as APIs, can be very expensive to manufacture and
require careful exposure control due to their biological activ-
ity. Moreover, during early development phases resources
are very limited; therefore, it is undesirable to develop mill-
ing model parameters using optimization methods requiring
extensive experimentation with large quantities of an API. A

model that requires minimal consumption of high-valued
powders to establish its parameter values would be advanta-
geous in terms of reducing development costs and exposure
risks. Such a model is developed in the present work. The
standard batch milling population balance model has been
modified to describe and predict the continuous milling of a
self-classifying spiral jet mill. The breakage functions of this
population balance model include parameters that can be
subdivided into two categories: (1) parameters that are inde-
pendent of the powder being milled and only dependent on
the mill characteristics (mill dependent) and (2) mill-
independent parameters that depend only on powder charac-
teristics (powder dependent). Thus, the mill-dependent
parameter values can be determined for a specific mill
through experiments conducted with inexpensive excipient
powders, and powder-dependent parameters can be deter-
mined either with mill experiments or with small quantities
of high-value powders using characterization experiments
(described in Part 2).

Population balance models are used to explain the grind-
ing process using two functions: the specific breakage rate
(selection function, Sj) and the breakage distribution func-
tion, bij.

1–3 The selection function, Sj, is the probability of a
particle of size j breaking in some unit time. The breakage
distribution function, bij, is the fraction of particles breaking
from size j to size i. Population balance modeling for batch
milling is well defined and has been developed extensively
in the literature.4,5 Also, it has been utilized in modeling
mills with internal and external classifiers, but the mill is
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usually separated into grinding and classification areas.6,7 Of
the two breakage functions, the selection function has been
studied in greater detail in previous literature. The breakage
distribution function is often excluded or incorporated in the
selection function. This approach is not suitable for every
case.5

Limited amount of work has been done previously to
model air jet mills. Using a loop mill with a closed outlet
(batch mode), Nair related breakage parameters to grinding
nozzle pressures, nozzle sizes, and material feed rate.8,9

Likewise, the volumetric flow rate of grinding gas, feed rate,
and classification tube height were determined to be the
most significant variables in spiral jet mill grinding.10 There
have been many studies using horizontal and vertical jet
mills involving different mill sizes, designs, and operating
conditions. Midoux et al. completed a great summary of the
design and previous work with jet mills, and they expanded
it by testing three different sized spiral jet mills with organic
crystals.11

This work attempts to unite some of the ideas and pro-
gress made in the history of mill modeling by developing a
simple modeling approach to predict the product size distri-
bution from a continuous spiral jet mill given only the feed
composition, mill operating variables (grinding pressure,
pusher pressure, and feed rate), and simple material charac-
teristics (see Part 2). This has been done by developing a
steady-state population balance model for self-classifying
spiral jet mills that does not require separation of grinding
and classification zones or complicated residence time distri-
bution models. This method does not assume breakage
behavior or relate the breakage distribution function to the
probability of breakage. The model presented here is capable
of predicting the entire product size distribution with only
the feed size distribution, mill operating variables, and sim-
ple material characteristics as inputs. The material characteri-
zation techniques and connections to powder-dependent
parameters are described in Part 2.

Materials and Methods

A typical air jet mill, as shown in Figure 1, has three
operating variables: grinding pressure, pusher pressure, and
feed rate.9,10,12 Particles are fed into the feed funnel. The
pusher gas enters into the feed apparatus and, using a ven-
turi, creates a partial vacuum at the bottom of the feed fun-
nel which causes the particles to be drawn into the system.
The particles are then accelerated by the pusher pressure into
the grinding chamber. The grinding gas enters into an outer
manifold surrounding the grinding chamber. Grinding noz-
zles allow the grinding gas to enter tangentially into the
grinding chamber at high velocities creating a vortex of gas.
Teng et al. and Muller et al. have been able to illustrate this
vortex via simulation and experimentation.12,13 Particles
injected into this gas vortex are accelerated toward the grind-
ing chamber walls by centrifugal force. Particles experience
multiple impacts with the wall and other particles. A drag
force is created by the gases exiting the milling chamber
through a central exit. As centrifugal force is proportional to
the particle size cubed and drag force is proportional to the
particle size squared, as particles break into smaller frag-
ments the centrifugal force decreases faster than the drag
force. Depending on the operating variables, there is some
given particle size (the cut size) which will be able to leave
the grinding chamber. Once a particle breaks down to this

critical size, the drag force on the particle will exceed the
centrifugal force and the particle will be carried out of the
chamber. Therefore, this mill design is said to be self-
classifying.

In this work, three common excipient powders were
milled. Sodium bicarbonate was obtained from Arm and
Hammer

VR

, a-lactose monohydrate was from Foremost
Farms

VR

(Product Code 310), and sucrose was provided by
Michigan Sugar Company. Material characteristics for all
three materials are given in Table 1.

For this study, a Sturtevant 2-in. Micronizer
VR

(see Figure
1), with no liner and stainless steel walls, was used for mill-
ing. A nitrogen Dewar was used to supply the carrier gas
and the pressures were controlled using valves. The use of
nitrogen helped to reduce humidity effects. A model 102M
Accurate volumetric screw feeder was used to control the
feed rate to the mill. Experiments were completed within
defined ranges of the three mill operating variables (grinding
pressure, pusher pressure, and feed rate) using a fractional
factorial design of experiments. Ten operating conditions
were set at three levels of grinding and pusher pressures (30,
65, and 100 psig) and two levels of feed rate (0.050 and
0.100 g/s for lactose and sucrose; and 0.100 and 0.200 g/s
for sodium bicarbonate) using the fractional factorial design
shown in Table 2.

For each of the operating conditions of Table 2, runs were
completed with six different feed compositions, shown in
Table 3. The feed compositions in Table 3 were created by
sieving original stock powder into corresponding bins and
then mixing fractions of each bin together. In summary, each
of the three test powders were milled at 10 sets of operating
conditions using 6–7 feed compositions for a total of 60–70
experiments per test powder. In the case of sucrose, the as
received powder was premilled with the jet mill (operated at
a grinding pressure of 30 psig, pusher pressure of 30 psig,
and feed rate of 0.400 g/s) to create a new stock powder for
experiments.

After the feed was prepared, the volumetric screw feeder
was calibrated to feed the powder at the desired feed rate.

Figure 1. Air jet mill schematic showing gas and parti-
cle flows.
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Once the desired feed rate was achieved, the grinding pres-
sure and pusher pressure were set at the proper levels. Then,
the 20-min jet mill procedure commenced. For the first 3
min, the feed was collected into a beaker and weighed to
confirm the feed rate. During the next 3 min, six feed rate
fractions were collected from the feeder in 30-s intervals to
confirm the feed rate was consistent. If the feed rate was
incorrect or inconsistent, the feeder would be recalibrated
and the process would start again. If conditions were ideal,
the feed was allowed to enter the mill continuously for 10
min using nitrogen as the carrier gas. After milling, another
six feed rate fractions were collected at 30-s intervals to con-
firm uniformity of the feed rate over the duration of the mill
run. The feeder was then turned off while the mill pressures
operated for one additional minute to mill any powder
remaining in the mill chamber. Finally, at the 20-min mark,
the pressure valves were closed. Then, the mill was carefully
and systematically disassembled to collect all the product
powder.

After each mill run, powder was collected into three con-
tainers: feed, coarse product, and fine product. Material that
remained in the feeder was collected as feed. Powder from
the product collection chamber, cyclone separator, and grind-
ing chamber was labeled as coarse product. Finally, ultrafine
particles found in the piping leading toward and in the filter
bag were collected as fine product. Subsequently, a represen-
tative sample of each container was sized using a Coulter
LS13320 laser diffraction particle-size analyzer using the
small volume wet module with isopropanol as a medium. In
addition to using the wet module, sonication was used to
ensure minimal agglomeration. Powders were analyzed with

the Coulter in duplicate or triplicate. The weights and size
distributions of the collected coarse product and fine product
were used to calculate the size distribution of the combined
product. All particle-size distributions and analysis used for
modeling were obtained from laser diffraction measurements.
The experimental results will be discussed in section Results
and Discussion.

Modeling

Population balance model

The model developed here is applicable to self-
classification mills such as the spiral jet mill. It makes the
following assumptions:
� Particles in any given size class j have the same mean

residence time sj in the mill.
� Size j breaks the same whether it entered as feed or

was created by breakage from a larger particle within
the mill.

� The larger the particle the greater the probability of
breakage.

� Particles cannot increase in size during milling.
These assumptions are reasonable for isotropic crystalline

powders which break in a brittle manner and exhibit minimal
effect from fatigue.

For illustration purposes, consider a three-bin system,
where Bin 1 is the largest size and Bin 3 is the smallest. The
bins are defined such that particles of size 1 are in Bin 1,
those of size 2 are in Bin 2, and particles smaller than size 2
are in Bin 3. For our purposes, Bin 3 includes all particles
smaller than Bin 2, and therefore, particles cannot break out

Table 1. Material Characteristics of the Three Test Powders Used in This Study

Powder Sodium Bicarbonate Lactose Monohydrate Sucrose

Molecular formula NaHCO3 C12H22O11�H20 C12H22O11

Molar mass (g/mol) 84.01 360.31 342.30
Appearance White crystals White crystals White crystals
Crystal structure Monoclinic Monoclinic Monoclinic
Solubility, in IPA Insoluble Practically insoluble Slightly soluble,

practically insoluble
in dehydrated IPA

D10, as received (microns) 21.0 7.3 25.1
D50, as received (microns) 82.1 66.2 179.0
D90, as received (microns) 155.3 146.7 446.2
Bulk density (g/cm3) 1.36 0.75 1.11
Particle density (g/cm3) 2.20 1.53 1.59
Solubility, in water (g/100 mL) 9 22 200
Microindentation hardness (GPa) 0.89 1.06 0.76
Breakage measure (Part 2) 0.39 0.28 0.55
Melting point (�C) 50 (decomposes) 214 186

Table 2. Jet Mill Operating Conditions from Fractional Factorial Design

Condition Set Grinding Pressure (psig) Pusher Pressure (psig) Feed Rate (g/s)

Material All Powders All Powders Sodium Bicarbonate Lactose Monohydrate Sucrose

A 30 30 0.100 0.100 0.050
B 100 100 0.100 0.100 0.050
C 30 100 0.100 0.100 0.050
D 100 30 0.100 0.100 0.050
E 65 65 0.100 0.100 0.050
F 65 30 0.200 0.050 0.100
G 65 100 0.200 0.050 0.100
H 30 65 0.200 0.050 0.100
I 100 65 0.200 0.050 0.100
J 65 65 0.200 0.050 0.100
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of Bin 3. rj is defined as the probability of size j breaking,
and bij is the probability that size j breaks into size i. These
are related to the traditional breakage functions14 by

rj5Sjsj (1)

bij5bijrj (2)

If the mass fractions of each bin in the feed and product
are denoted as yif and yi, respectively, mass balances utiliz-
ing the functions rj and bij lead to the following equations

y15 12r1ð Þ � y1f (3)

y25 12r2ð Þ � y2f 1b21y1f

� �
(4)

y35 120ð Þ � y3f 1b32y2f 1ðb311b32b21Þ � y1f

� �
(5)

Particles in Bin 1 that exit the mill must have been fed
in Bin 1 and did not break, and as the survival probability is
ð12r1Þ this leads to Eq. 3. Product particles in Bin 2 can
come from unbroken particles from the feed or can be cre-
ated from particles of size 1 breaking into size 2 (Eq. 4).
Finally, particles exiting in Bin 3 can be unbroken size 3
from the feed or particles created by the following mecha-
nisms: Bin 2 feed breaking into Bin 3, Bin 1 feed breaking
directly into Bin 3, or breaking from Bin 1 to Bin 2 to Bin 3
(Eq. 5). Obviously, as the number of bins increases the num-
ber of rj and bij factors increase. However, not all rj and bij

are independent as Eq. 2 implies thatX
i

bij5rj (6)

Thus, the three-bin model has three independent parameters
(r1, r2, and b21) with b31 and b32 obtained from Eq. 6. In
general, if there are n bins, there will be

nðn21Þ
2

independent
parameters. To determine rj and bij for a set of mill condi-
tions, (n 2 1) experimental runs with single bin feeds would
theoretically suffice. For example, with four bins the run with
feed in Bin 1 will generate measurements of y1; y2; and y3,
and therefore, three equations. The run with Bin 2 feed will
give y2 and y3, and a run with Bin 3 feed gives only y3. The
resulting six equations can then be used to determine the inde-
pendent functions r1, r2, r3, b21, b31, and b32.

Chipping conditional probability simplification

In some cases, only breakage to the next bin size or small-
est bin size would suffice in describing the breakage of a
powder in the spiral jet mill. The rationale for this observa-
tion is that in high force impacts, two main mechanisms of
breakage typically exist: fragmentation and chipping.15 Frac-
ture occurs when the largest crack in the greatest stress
region propagates to the edges of the particle and creates
fragments from impact. Typically, the mechanism of break-
age depends on a combination of the kinetic energy and the
angle at which a particle impacts. A greater normal force

will lead to fragmentation while a greater tangential compo-
nent will cause chipping. Due to the nature of milling in an
air jet mill, which facilitates impacts both between particles
and particle-wall collisions, a single breakage mechanism
cannot be assumed. However, for the materials used in this
study (sodium bicarbonate, lactose monohydrate, and
sucrose) this simplifying assumption was tested.

The simplification stated above was implemented in the
model as follows: Naming the conditional probability of
chipping upon breakage k leads to:

bij5

12kð Þ � rj

k � rj

0

if i5j11 next in size binð Þ

if i5smallest bin

any other i

8>>>><
>>>>:

(7)

If a particle breaks down utilizing a chipping mechanism,
small particles will be removed from a mother particle which
will, more than likely, remain in its original bin. On further
chipping, the mother particle will eventually fall into the
next size bin. Therefore, a single function, k, can define all
the bij. Note that if a particle were to “shatter” such that all
fragments end up in the smallest bin, it would fall into the
chipping regime. However, as the energy of impact is pro-
portional to the surfaces created, the probability of shattering
is much less than that of chipping.

Using the above simplification, for an n-bin system, the
number of independent functions is reduced from

nðn21Þ
2

to n.
One of the independent functions will always define k while
the other ðn21Þ functions will define r1 through rn21. Theo-
retically, only two experiments (with feed containing the
largest bin size) are required to determine all the breakage
functions for a given set of mill operating conditions.

The sigma function: Probability of breakage in the mill

The following function which relates the probability of size
i breaking in the mill, ri, to the grinding pressure (GP), pusher
pressure (PP), feed rate (FR), and size i (Di) was developed

ri5
1

11exp 2nð Þ

� �
(8)

where

n5w01wGP � GP1wPP � PP1wFR � FR1wsize � Di1wGPPP � GP

� PP1 wGPFR � GP � FR1wPPFR � PP � FR

(9)

Here, Di is the volume-weighted mean diameter of Bin i
and n can be thought of as a measure of mill energy per par-
ticle. The sigmoidal shape of the logistic function mimics
typical milling curves and allows for a smooth transition
between little to no breakage at low energies and complete
breakage (or a rj 5 1) at high mill energies. The constant w0

Table 3. Jet Mill Feed Compositions According to Sieving

Feed Composition
32–53 Microns (270–450

Mesh) (%)
53–75 Microns (200–270

Mesh) (%)
75–106 Microns (140–200

Mesh) (%)
106–150 Microns (100–

140 Mesh) (%)

1 100.00 0.00 0.00 0.00
2 50.00 50.00 0.00 0.00
3 33.33 33.33 33.33 0.00
4 25.00 25.00 25.00 25.00
5 0.00 0.00 100.00 0.00
6 0.00 0.00 0.00 100.00
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was constrained to be less than or equal to 22.9 to ensure
little to no breakage at low mill energy (see Figure 2).

The k function: Conditional probability of chipping on
breakage

A function which relates the conditional probability of
chipping (given breakage), k, to the grinding pressure, pusher
pressure, and feed rate was developed. A modified cosine
function was chosen to take advantage of the fact that pro-
ductive collisions (collisions that cause breakage) at low
impact angles will more likely cause chipping while high
angle impacts will lead to fragmentation

k5
1

2
cos hð Þ1 1

2
(10)

where h is the average productive impact angle

h5a01aGP � GP1aPP � PP1aFR � FR (11)

The modified cosine function allows for a smooth transition
between little to no chipping at high angles (290�, using a
frame of reference that results in negative angles) and maxi-
mum chipping (or a k 5 1) at low angles (0�). The average
productive impact angle, h, can be linearly related to the
energy in the mill. For example, at a given low energy only
high angle impacts can actually break the particle, leading to a
high angle h; however, as the energy of the particle increases
low-angle impacts start becoming productive and the average
productive impact angle moves toward a lower angle.

Model summary

The model developed, illustrated in Figures 3 and 4, pre-
dicts the product size distribution from a continuous self-
classifying air jet mill using only the feed size distribution and
mill operating variables (GP, PP, and FR) given as inputs.

The model can be subdivided into two parts: level 1—six-
bin population balance model and level 2—breakage function
models. For a specific powder and mill, mill- and powder-
dependent parameters can be determined. These parameters and
the mill operating variables can be used to predict the breakage
functions using the breakage function models presented previ-
ously. The breakage functions can then be used in the popula-
tion balance model to determine the product size distribution
exiting the air jet mill from a given feed size distribution.

Results and Discussion

The base test powder was sodium bicarbonate. Sixty jet
mill runs were completed at the 10 different mill operating
conditions (A–J) and six feed (particle size) compositions
(1–6) shown in Tables 2 and 3. An additional 10 repeat
runs were made; one per operating condition at feed com-
position five. For this study, the bins were defined accord-
ing to Table 4.

Once all runs were completed and mass fractions were
calculated, the probabilities of breakage of each bin size (ri)
and the conditional probability of chipping on breakage (k)
were found by fitting the experimental jet mill data to a six-
bin population balance model shown in Figure 4. For each
set of milling conditions in Table 2, the experimental break-
age functions rj and bij or k were determined by minimizing
the sum of the squared errors

J rj;bij

� �
or J rj; k

� �
5
X6 or 7

r51

X6

i51

yri; experiment2yri;model

� �2
(12)

where yri
denotes the mass fraction of size i in a run with

feed composition r (Table 3). The fit was constrained such
that ri > rj if i < j. This constraint is derived from the fact
that larger particles are more likely to break, as it is more
probable for them to contain a larger flaw compared to a
smaller particle. The larger the flaw the easier it is for that
flaw to be propagated and grow into a crack to cause particle
fracture. A total of 50 sigmas and 10 k values were found by

Figure 2. Logistic function used to model the probabil-
ity of breakage function.

Figure 3. Two-level model architecture.

Figure 4. Six-bin population balance model equations.
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fitting the sodium bicarbonate jet mill data to the population
balance model.

Using the 50 sigmas for baking soda, the mill-dependent
and powder-dependent parameters of the sigma function,
Eqs. 8 and 9, were determined by minimizing the sum of the
squared differences between the experimental and model rj.

The six parameters of the sigma function were obtained
by fitting all parameters at the same time, with the constraint
that the constant w0 be less than or equal to 22.9 to ensure
little to no breakage at low mill energy. Note that all interac-
tions between operating variables (GP, PP, and FR) were
analyzed, and it was determined that, for the three materials
studied, the interaction between GP and PP was the only sig-
nificant interaction between the three possible operating vari-
able interactions (see Figure 5). Thus, only the GP/PP
interaction was included in the sigma function (Eq. 9) to
minimize the number of parameters.

Similarly, the 10 sodium bicarbonate k values found from
the population balance model fits were used to determine the
parameters for the k function, Eqs. 10 and 11. However, not
all experimental k values are equally reliable. In some cases,
where all product particles end up in the smallest bin (Bin 6
for this study), there is no guarantee that the k value found
is correct as there can be infinite solutions for k. If all par-
ticles of sizes 1, 2, 3, 4, and 5 completely break, then it
makes no difference if size 1 breaks sequentially from 1 to 2

to 3 to 4 to 5 to 6 or directly into 6 as in both cases size 6
exits the mill. Therefore, a weighting variable is used to
highlight the impact on the model by crucial k values (low
pressure conditions with less breakage) and lessen the impact
of high breakage k values. The weighting value used is
ð12r5Þ2 for each condition, where r5 is the probability of
breakage of particles in the smallest bin size that can break
to smaller sizes. Therefore, where r5 is close to unity (high
breakage) the k value has a lesser effect on the model than
where r5 is lower. The four parameters of the k function
were obtained by fitting all parameters at the same time to
minimize the sum of the square differences between experi-
mental and model k values. The mill-dependent and powder-
dependent parameters derived from the baking soda fits are
shown in Table 5.

In the jet mill, an increase in grinding or pusher pressures
will lead to an increase in particle velocity and higher
kinetic energy per particle. This will lead to a greater break-
age probability, hence the parameters wGP and wPP are posi-
tive. As particle size increases, the probability of breakage
increases (wsize > 0), because a larger particle:
� has a greater probability of containing larger flaws
� has a larger mass hence a higher kinetic energy
� experiences greater centrifugal force which will keep it

in the mill longer than a smaller particle, leading to
more opportunities for collisions and breakage

Table 4. Bin Definitions

Bin Size Range (Microns)
Volume-Weighted

Mean Diameter

Bin 1 150–212 186
Bin 2 106–150 132
Bin 3 75–106 93
Bin 4 53–75 66
Bin 5 38–53 47
Bin 6 <38 30

Figure 5. Interaction analysis.

Table 5. Parameters of the Sigma and k Functions for

Sodium Bicarbonate

Sigma Function k Function

w0 22.90 E100 a0 1.45 E100
wGP 1.09 E201 aGP 3.72 E202
wPP 5.92 E202 aPP 1.41 E202
wFR 29.93 E100 aFR 23.33 E100
wsize 1.81 E202
wGPPP 28.11 E204
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Figure 6. Sodium bicarbonate product from jet mill operated at: grinding pressure of 30 psig, pusher pressure of
30 psig, feed rate of 0.100 g/s, and feed size of 106–150 microns.

Figure 7. Lactose monohydrate product from jet mill operated at: grinding pressure of 30 psig, pusher pressure of
30 psig, feed rate of 0.100 g/s, and feed size of 106–150 microns.

Figure 8. Sucrose product from jet mill operated at: grinding pressure of 30 psig, pusher pressure of 30 psig, feed
rate of 0.050 g/s, and feed size of 106–150 microns.
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If the feed rate of particles to the mill is increased, the
probability of breakage will decrease (wFR < 0). More par-
ticles will cause the energy provided by the gas to be distrib-
uted over a larger number of particles thereby leading to
decreased kinetic energy per particle. Finally, the interaction
term between GP and PP has a negative effect on the break-
age probability which can be explained by an increase in tur-
bulence. When turbulence increases, larger particles can be
carried out of the mill without breaking.

Similar to the sigma function, in the jet mill, if either the
grinding pressure or pusher pressure is increased, more kinetic
energy is supplied to each particle, which will increase the
number of small-angle collisions between particles resulting in
chipping (aGP and aPP > 0). At low energies, or lower grinding
and pusher pressure, the low-angle collisions between particles
do not generate enough energy to break the particle. If the feed
rate increases, more particles are present in the mill which will
lead to lower energy per particle. With less energy, only high
angle impacts will be productive so h will be higher and the
probability of chipping will decrease leading to aFR < 0.

The six parameters determined for sodium bicarbonate
were used as an initial guess for fitting lactose and sucrose
data. Allowing all parameters to change to minimize the sum
of squared differences for each powder, the only parameter
that changed substantially was the wsize parameter. This
parameter is dependent on the material while the constant,
w0, and all the parameters associated with operating varia-
bles and interaction terms (wGP, wPP, wFR, and wGPPP) are
mill dependent. This makes physical sense as mill operating
variables generate energy in the mill independent of the
material used while the energy induced on each particle
depends on the properties of the material used. Therefore, to
limit the number of powder-dependent parameters and still
fit the data, all parameters other than wsize were fixed to the

sodium bicarbonate values and only wsize was allowed to
change to fit the rj of lactose and sucrose. The five mill-
dependent parameters are constant for the specific mill used.
The wsize parameter can be determined from jet mill runs or
material characterization (described in Part 2).

Likewise, the k function parameters for sodium bicarbon-

ate were used as an initial guess for lactose and sucrose.

Here, the a0 constant was considered a powder-dependent

parameter while the other parameters were fixed at the

sodium bicarbonate value. This approach gave minimal deg-

radation between the model and experimental values. Of the

four parameters in this model, only a0 is considered to be

powder dependent, because the impact angle at which a par-

ticle can break is dependent on the material used. The a0

parameter can be determined from jet mill runs or material

characterization (described in Part 2).
The experimental and modeled mass fractions in each bin

of the product powder obtained from a single jet mill run
operated with 106–150 micron feed powder, a grinding
pressure of 30 psig, a pusher pressure of 30 psig, and a
feed rate of 0.100 g/s for sodium bicarbonate and lactose
and 0.050 g/s for sucrose are shown in Figures 6–8,
respectively.

These mill operating conditions produce the worst level 1
fits and have the richest data with product powder in multi-
ple bins. The differences between the experimental bars and
population balance model bars show how well population
balance model describes milling. The differences between
the population balance model bars and breakage function
model bars show the ability to predict the breakage functions
with models, related to mill- and powder-dependent parame-
ters. The graphs also show that the k simplification had low
impact for each powder tested. For the worst case, between
the level 2 model fits and the experimental data for sodium

Table 6. Sodium Bicarbonate Experimental and Modeled Volume Weighted Geometric Mean Diameter of the Product Distri-

butions for All Jet Mill Runs, Reported in Microns

Operating Conditions

GP (psig) 30 100 30 100 65
PP (psig) 30 100 100 30 65
FR (g/s) 0.100 0.100 0.100 0.100 0.100

Feed Exp Model Exp Model Exp Model Exp Model Exp Model

1 32.3 33.1 30.0 30.0 30.3 30.4 30.0 30.0 30.1 30.2
2 34.6 35.5 30.0 30.0 30.8 30.6 30.0 30.0 30.1 30.2
3 35.3 36.5 30.0 30.0 30.3 30.7 30.0 30.0 30.2 30.3
4 37.0 36.8 30.0 30.0 30.6 30.7 30.0 30.0 30.2 30.3
5a 39.7 40.0 30.0 30.0 31.4 30.9 30.0 30.0 30.0 30.3
5b 38.2 40.0 30.0 30.0 31.5 30.9 30.0 30.0 30.0 30.3
6 42.6 42.4 30.0 30.0 31.4 31.1 30.0 30.0 30.0 30.3

Operating Conditions

GP (psig) 65 65 30 100 65
PP (psig) 30 100 65 65 65
FR (g/s) 0.200 0.200 0.200 0.200 0.200

Feed Exp Model Exp Model Exp Model Exp Model Exp Model

1 30.7 30.7 30.3 30.3 32.7 32.5 30.2 30.0 30.7 30.5
2 30.8 30.9 30.2 30.4 32.9 33.1 30.1 30.1 30.7 30.6
3 31.4 31.0 30.4 30.4 33.6 34.2 30.3 30.1 30.2 30.6
4 31.5 31.1 30.6 30.4 35.1 35.7 30.1 30.1 30.3 30.7
5a 32.5 31.5 30.8 30.5 37.7 38.1 30.0 30.1 31.1 30.9
5b 32.5 31.3 30.4 30.5 37.1 38.4 30.1 30.1 31.3 31.0
6 34.5 31.8 30.7 30.5 41.1 39.7 30.1 30.1 31.0 31.0
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bicarbonate the average difference was 0.018 with a max of
0.035. For lactose monohydrate and sucrose, the average dif-
ferences between the level 2 model predictions and the
experimental data were 0.014 and 0.008, respectively, with
max differences of 0.027 and 0.020. These differences are
lower than the differences of the base case fitting of sodium
bicarbonate.

To condense the data obtained, Tables 6–8 show the
experimental and modeled volume-weighted geometric mean
diameter of the product distribution for all runs of sodium
bicarbonate, lactose monohydrate, and sucrose, respectively.
The volume weighted-geometric mean diameters were calcu-
lated for each particle-size distribution using the volume-
weighted mean diameters of each bin, shown in Table 4.

Table 8. Sucrose Experimental and Modeled Volume Weighted Geometric Mean Diameter of the Product Distributions for All

Jet Mill Runs, Reported in Microns

Operating Conditions

GP (psig) 30 100 30 100 65
PP (psig) 30 100 100 30 65
FR (g/s) 0.050 0.050 0.050 0.050 0.050

Feed Exp Model Exp Model Exp Model Exp Model Exp Model

1 30.0 30.5 NA 30.0 30.0 30.1 30.0 30.0 30.0 30.0
2 30.9 30.8 NA 30.0 30.1 30.1 30.2 30.0 30.1 30.0
3 30.7 31.1 NA 30.0 30.1 30.1 30.0 30.0 30.1 30.0
4 31.3 31.4 NA 30.0 30.4 30.1 30.0 30.0 30.7 30.0
5 30.4 31.8 NA 30.0 30.9 30.1 30.0 30.0 30.0 30.0
6 31.9 31.9 NA 30.0 30.4 30.1 30.4 30.0 30.1 30.0

Operating Conditions

GP (psig) 65 65 30 100 65
PP (psig) 30 100 65 65 65
FR (g/s) 0.100 0.100 0.100 0.100 0.100

Feed Exp Model Exp Model Exp Model Exp Model Exp Model

1 30.1 30.0 NA 30.0 30.3 30.3 30.1 30.0 30.0 30.0
2 30.6 30.1 NA 30.0 30.8 30.3 30.1 30.0 30.5 30.0
3 30.5 30.1 NA 30.0 30.7 30.3 30.1 30.0 30.1 30.0
4 30.6 30.1 NA 30.0 31.1 30.6 30.4 30.0 30.6 30.0
5 30.0 30.1 NA 30.0 31.6 30.7 30.0 30.0 30.0 30.0
6 30.5 30.1 NA 30.0 34.1 30.8 30.0 30.0 30.1 30.0

Table 7. Lactose Monohydrate Experimental and Modeled Volume Weighted Geometric Mean Diameter of the Product Distri-

butions for All Jet Mill Runs, Reported in Microns

Operating Conditions

GP (psig) 30 100 30 100 65
PP (psig) 30 100 100 30 65
FR (g/s) 0.100 0.100 0.100 0.100 0.100

Feed Exp Model Exp Model Exp Model Exp Model Exp Model

1 34.4 34.3 30.0 30.1 30.3 30.3 30.1 30.0 30.5 30.3
2 37.5 37.0 30.0 30.1 30.8 30.9 30.0 30.0 31.0 30.5
3 42.5 41.6 30.0 30.1 31.1 31.6 30.0 30.0 30.7 30.7
4 47.6 46.1 30.0 30.1 31.6 32.0 30.0 30.0 30.9 30.9
5a 57.7 53.5 30.0 30.2 33.3 33.1 30.0 30.1 31.0 31.2
5b 53.6 52.8 30.0 30.2 32.8 33.0 30.0 30.1 31.3 31.2
6 63.8 61.3 30.0 30.2 34.3 34.2 30.0 30.1 31.0 31.5

Operating Conditions

GP (psig) 65 65 30 100 65
PP (psig) 30 100 65 65 65
FR (g/s) 0.050 0.050 0.050 0.050 0.050

Feed Exp Model Exp Model Exp Model Exp Model Exp Model

1 30.0 30.1 30.1 30.1 30.8 30.7 30.0 30.0 30.1 30.1
2 30.0 30.3 30.4 30.2 31.5 31.5 30.0 30.0 30.0 30.3
3 30.0 30.5 30.0 30.2 32.0 32.8 30.1 30.0 30.0 30.3
4 30.3 30.6 30.3 30.3 32.6 33.9 30.1 30.0 30.0 30.4
5 31.3 31.0 30.0 30.4 34.0 36.5 30.0 30.1 30.0 30.7
6 30.0 31.3 30.0 30.5 33.5 38.9 30.7 30.1 30.0 30.8
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Conclusions

The modeling of a self-classifying spiral jet mill was stud-
ied using a population balance model and separation of mill
and material dependence. Using three common pharmaceuti-
cal excipient powders, extensive air jet mill experiments
were completed to determine mill-dependent and powder-
dependent parameters. A population balance model for self-
classifying mills was developed and used to measure the
probability of breakage of a particle size j (rj) and the condi-
tional probability of chipping on breakage (k). Models were
then developed to relate these milling model functions to
mill operating variables.

This procedure can be applied to any mill type that is
self-classifying or equipped with a particle-size classifier. A
different mill would require different mill-dependent parame-
ters, which depend on number of nozzles, nozzle angles,
chamber size, and other mill characteristics, to be found by
running extensive experiments with inexpensive excipient
powders. Moving forward, more work is needed to extend
this procedure to other mills to further understand the mill-
dependent parameters. Also, more materials and a larger
range of operating conditions could be used to extend the
development and applicability of the milling model.
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Notation

bij = probability size j breaks into size i
rj = probability of size j breaking in the mill
h = average productive impact angle

a0 = powder-dependent constant in k function
aGP = mill-dependent weight of grinding pressure in k function
aPP = mill-dependent weight of pusher pressure in k function
aFR = mill-dependent weight of feed rate in k function
API = active pharmaceutical ingredient

bij = breakage distribution function, fraction of particles breaking
from size j to size i

Di = volume-weighted mean diameter of Bin i
FR = feed rate, g/s
GP = grinding pressure, psig

IPA = isopropanol
i or j = bin number

J = sum of error squared
k = conditional probability of chipping on breakage
n = mill energy per particle

n = number of bins
PP = pusher pressure, psig

r = feed composition number
Sj = specific rate of breakage, probability of a particle of size j

breaking in some unit time
sj = mean residence time of size j particle in mill

w0 = mill-dependent constant in sigma function
wGP = mill-dependent weight of grinding pressure in sigma function
wPP = mill-dependent weight of pusher pressure in sigma function
wFR = mill-dependent weight of feed rate in sigma function

wsize = powder-dependent weight of size i in sigma function
wGPPP = mill-dependent weight in sigma function

yi = mass fraction of Bin i in product
yif = mass fraction of Bin i in feed
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